The investigation of solar cells degradation and the prediction of its end-of-life performance is of primary importance in the preparation of a space mission. In the present work, we investigate the reduction of solar-cells' maximum power resulting from irradiations with electrons and protons. Both GaAs single junction and GaInP/GaAs/Ge triple junction solar cells were studied. The results obtained indicate how i) the dominant radiation damaging mechanism is due to atomic displacements, ii) the relative maximum power degradation is almost independent of the type of incoming particle, i.e., iii) to a first approximation, the fitted semi-empirical function expressing the decrease of maximum power depends only on the absorbed NIEL dose, and iv) the actual displacement threshold energy value (E d = 21 eV) accounts for annealing treatments, mostly due to self-annealing induced effects. Thus, for a given type of solar cell, a unique maximum power degradation curve can be determined as a function of the absorbed NIEL dose. The latter expression allows one to predict the performance of those solar cells in space radiation environment.
Introduction
Nuclei and electrons populating the heliosphere can induce radiation hazards in space missions. In fact, these particles can produce atomic displacements in the lattice of semiconductors employed in spacecraft electronics, instrumentation or solar cells. These displacements lead to permanent damages and, consequently, a failure or degraded performance [1] (see also Chapter 4 in [2] and references therein).
The non-ionizing energy loss (NIEL) expresses the amount of energy deposited by an incident particle passing through a material and result-ing in displacement processes. The degradation of semiconductor-device performance is expected to be increased with increasing the amount of absorbed NIEL dose, if the dominant damaging mechanism is caused by atomic displacements. In this article, we will discuss the radiation damage effects induced in (GaAs) single-junction and (GaInP/GaInAs/Ge) triplejunction solar cells, after irradiations with electrons and protons at different energies. The results obtained indicated that, within experimental uncertainties, the data are compatible with a unique degradation curve for the solar cell power as a function of the NIEL dose deposited in the device, independently of the type and energy of the incoming particle.
Non-Ionizing Energy-Loss for Electrons and Protons
The non-ionizing energy-loss (NIEL) accounts for the amount of energylost by a particle passing through a medium -, which was imparted to create atomic displacements. It can be expressed in units of MeV per cm, as
where
is the displacement stopping power (e.g., see discussion in Sect. 4.2.1 in [Leroy and Rancoita (2011)] ) and the minus sign for dE dx NIEL in Eq. (1) indicates that the energy is lost by the incoming particle to create atomic displacements inside the absorber. For instance, in case of (elastic) Coulomb scattering on nuclei, the displacement stopping power can be calculated as
where [see Equation (1.71 ) at page 25 of [2] )
is the number of atoms per cm 3 in the absorber, ρ A and A are the density and atomic weight of the medium, respectively; N is the Avogadro constant, E is the kinetic energy of the incoming particle; E R and E max R are the recoil kinetic energy and the maximum energy transferred to the recoil nucleus, respectively; E d is the so-called displacement threshold energy, i.e. the minimum energy necessary to permanently displace an atom from its lattice position; the expression of L(E R ) is the Lindhard partition function discussed, for instance, in Sects. 4.2.1 and 4.2.1.2 in [2] (see also references therein and [3] ); finally, dσ(E, E R )/dE R is the differential cross section for elastic Coulomb scattering for electrons or protons on nuclei. Furthermore, the non-ionizing energy-loss (NIEL) can be expressed in units of MeV cm 2 /g as
with χ = xρ A , ρ A the absorber density in g/cm 3 and dE de /dχ the displacement mass-stopping power.
In the current study, the elastic Coulomb cross section of protons on nuclei is the one derived for the treatment of the nucleus-nucleus scattering above 50 keV/nucleon -up to relativistic energies -and discussed in [4] and Sect. 2.1.4.2 in [2] (see also [5] [6] [7] ). The hadronic contribution to the overall non-ionizing energy deposited can be neglected below 9.5 MeV -i.e., for the proton energies used in the current investigation -, because, as discussed in [8] , this contribution decreases very rapidly with decreasing energy and is lower or equal to ≈ 8.6% at 9.5 MeV. Furthermore, the elastic Coulomb interactions of electrons on nuclei is treated -up to relativistic energies (e.g., see [9] , Sects. 1.3.1-1.3.3 in [10] and references therein) -using the Mott differential cross section [11] calculated from the practical expression discussed in [12] (see also [13] ).
NIEL for compounds can be determined by means of Bragg's rule, i.e., the overall NIEL [Eq. (4)] in units of MeV cm 2 /g is obtained as a weighted sum in which each material contributes proportionally to the fraction of its atomic weight. Thus, for GaAs ones obtains (for instance, see [14] and Equation (2.20) ) with E d = 10, 21 and 25 eV; for electrons, data points are from [14, 16] with E d = 10 eV; for protons, data points are from [8, 16] with E d = 10 eV.
using Eqs.(5, 6) with E d = 10, 21 and 25 eV for electrons from 100 keV up to 10 GeV and for protons from 0.1 keV up to 10 MeV. In Fig. 1 , for electrons (protons) the data points are from [14, 16] ( [8, 16] ) and were obtained with E d = 10 eV. One can remark that NIEL is almost independent of (or slightly dependent on) E d above about 50 keV for protons and (10-20) MeV for electrons. Furthermore, above a few hundred keV's the current calculations are well in agreement with those from [16] and differ only slightly from those in [8] .
The displacement threshold energy for GaAs was found to be 10 eV after irradiations with electrons by measuring the overall rate of defects introduced in the bulk of a GaAs diode using DLTS [17, 18] (deep level transient spectrometry). In addition, those authors provide an experimental evidence that E d was compatible with 25 eV when the irradiated samples were annealed at 235 K (stage I) and 280 K (stage II). In Fig. 2 the overall introduction rates of defects from [18] and that from [17, 18] It has to be remarked that the displacement threshold energy was found [17, 18] to be about 10 eV from the data obtained after irradiations, but annealing even at temperatures lower than 25
• C -although close to itcan result in increasing the E d value, because of the partial recombination regarding point defects (i.e., the Frenkel pairs) caused by irradiations. Thus, the actual displacement threshold energy depends on annealing effects.
The absorbed NIEL dose, D NIEL , in units of MeV/g imparted by particles with kinetic energy E can be obtained from (e.g., see Equation 4 .150 at page 432 in [2] ):
where Φ is the fluence in cm −2 of traversing particles (electrons or protons in the current investigations) and (6)] is the corresponding displacement mass-stopping power due to elastic Coulomb scatterings on nuclei, which -for the incoming particle energies employed for the current studythe only (for electrons) or largely dominant (for protons) physical process resulting in atomic displacements. Overall introduction rates of defects in GaAs resulting from irradiations with electron as a function of particle energy. Data after irradiation are from [18] , while those ones after annealing come from [17, 18] . The curves are the NIEL values normalized to the highest energy points obtained by means of Eqs. (2, 5) with E d = 10 eV (solid line) and 25 eV (dotted and dashed line).
Single Junction Solar Cells
The irradiation data points for single junction solar cells are those from [19] , experimentally obtained in [20] )(see Fig. 3 ). Those solar cells -produced by Applied Solar Energy Corp. -are GaAs solar cells on an inactive Ge substrate. Various facilities were used for irradiating those devices with electrons and protons; more information about the solar cell structure, irradiation procedures and facilities can be found in [20] .
In Fig. 3 , the degradation of the maximum power of the solar cells is shown as a function of particle fluence for electrons (with 0.6, 1.0, 2.4 and 12.0 MeV) and protons (with 0.2, 0.3, 0.5, 1.0, 3.0 and 9.5 MeV); P/P max is the ratio between the maximum power achieved after irradiation with respect to that one before irradiation, i.e., it corresponds to the actual maximum power relative (P r ) to that before irradiation.
The irradiation fluences can be re-expressed as a function of NIEL doses in MeV/g by means of Eqs. (5-7) ; thus, the P/P max ratio can be also shown as a function of the NIEL dose (Fig. 4) . In Fig. 4 , the solid line represents the best fit for all data to the semi-empirical function [19] : where C and D x are parameters to be obtained from the fitting procedure and D NIEL is the NIEL dose, which, in turn, depends on the displacement threshold energy E d . As discussed in Sect. 2.1, the NIEL dose may depend on annealing effects, for instance those due to self-annealing. As a consequence, the actual displacement threshold energy can be larger than that experimentally determined after irradiations [17, 18, 21] . By inspection of Fig. 4 (left) in which NIEL doses were calculated for E d = 10 eV, one can notice that a) protons data exhibit a P/P max ratio which depends on the actual NIEL dose and is almost independent on the proton energy -i.e., as discussed in Sec. 2.1, the NIEL values are almost independent on the actual value of E d for all proton energies used in the current investigation [e.g., see Fig. 1 (right) ] -, b) electrons data are off-set with respect to proton data at similar NIEL dose, c) the latter separation decreases with increasing electron energy -i.e., as discussed in Sect. 2.1, the NIEL values (largely) depend on the actual value of E d for electron energies lower than 10 MeV [e.g., see 9 MeV/g. To account for self-annealing effects -resulting in an increase of the displacement threshold energy -, the NIEL doses were calculated for E d varying from 10 up to 25 eV, i.e., the values respectively found after irradiation and annealing procedure in [17, 18] and discussed in Sect. 2.1. For each value of E d , the mean difference (MD) and the square root relative difference (SRRD) of the fitted semi-empirical function [Eq. (8) ] with respect to data points were calculated at each electron and proton energy; the quantities MD and SRRD were obtained as:
is the relative maximum power measured at the ith fluence (or ith corresponding NIEL dose), P f it,i is the relative maximum power of the best-fit curve for the ith fluence (or NIEL dose) and n f l is the number of irradiation fluences at a given electron or proton energy. The optimal fit was obtained using E d = 21 eV, C = 0.29, D x = 1.08×10 9 MeV/g and is shown in Fig. 4 (right). The corresponding MD op and SRRD op found for E d = 21 eV are listed in Table 1 . The SRRD op value averaged over for all energies and particles is 2.5%; while the |MD op | values do not exceed 3.7%. One can state that the best fit obtained with respect to expression (8) indicates that i) the dominant radiation damaging mechanism is due to atomic displacements, ii) the relative maximum power degradation is almost independent of the type of incoming particle, i.e., iii) to a first approximation, the fitted semi-empirical function can be only expressed in terms of the actual NIEL dose absorbed, and iv) the actual value of E d is larger that found after irradiation in order to account for the annealing effects (as discussed in Sect. 2.1). 
Triple Junction Solar Cells
Triple junction (3J) solar cells under investigation are the 3G28 type manufactured by AZUR SPACE Solar Power GmbH. These cells are constitued by a GaInP junction at the top, a GaInAs junction at the middle and a Ge junction at the bottom [22] [23] [24] . Because of the low Indium concentration, the middle junction characteristics can be approximated to those of a GaAs junction. Moreover, as discussed for instance in [25] , the overall degradation due radiation damage in the 3J solar cell is mostly dominated by that occurring in the GaAs middle junction. For this reason, the conversion from particle fluences to D NIEL in units of MeV/g was obtained applying the NIEL of GaAs cell for the complete device.
The 3J cells were irradiated with electrons and protons in different facilities and two successive times. The first irradiation data ("I data-set") were obtained irradiating with i) electrons (1.0 and 3.0 MeV) at the TU Delft facility (NL) and ii) protons (4.0, 5.0 and 8.2 MeV) at CEA (France) facility. The self-annealing took place during (1-2) weeks of storage at room temperature for electrons and protons irradiated samples. However, for those samples irradiated with 8.2 MeV protons the storage lasted about (2-3) months at room temperature.
The second set ("II data-set") of cells was irradiated at TU Delft (NL) with electrons (0.5, 1.0 and 3.0 MeV) and with protons (0.3, 0.75 and 6.5 MeV) at Isotron (UK), PRL (NL) and CSMSM (France). In this case, self-annealing of electron irradiated samples took place by keeping both protons and electrons irradiated samples at room temperature for 1 week. In addition, the samples were annealed for 24 hours at 60
• C. In Fig. 5 , the P/P max ratios of 3J solar cells are shown as a function of particle fluences for both irradiation data sets. These ratios are presented as a function of D NIEL (NIEL doses) obtained from Eqs. (5-7) in MeV/g with E d = 10 eV in Fig. 6 (left) ; while in Fig. 6 (right) , an E d = 21 eV was used for both "I data-set" and "II data-set" samples. In Fig. 6 , the solid lines represents the overall best fit of all data points to a semi-empirical function [Eq. (8) 9 MeV/g (1.75×10 9 MeV/g). By inspection of Figs. 6 (left) and 6 (right), one may notice how the change of E d results in reducing the spread of data points with respect to the semi-empirical function obtained from the fit. The value of 21 eV for the displacement threshold energies was found following the same procedure applied to GaAs solar cells and discussed in Sect. 3. As already remarked in Sects. 2.1 and 3, an enhanced value of the displacement threshold energy is expected in order to account for annealing and/or self-annealing effects. In Table 2 , for E d = 21 eV the optimal mean difference (MD op ) and the square root relative difference (SRRD op ) to best fitted semi-empirical function [Eq. (8) ] are reported; the SRRD op value averaged over for all energies and particles is 4.1%; while the |MD op | values do not exceed 7.4%. The latter values are larger than those found with GaAs single junction solar cells and may account for a) the simplified assumptions made in treating a more complex 3J like a single junction and, possibly, b) the different annealing treatments of the 3J devices with regard to those previously used for single junctions. It is worth to remark that SRRD op and |MD op | values do not vary when the Indium content (3%) is taken into account for the 3J cell. Finally, as already discussed in Sect. 3, the best fit obtained with respect to expression (8) confirms the results found with single junction solar cells (Sect. 3) indicating that i) the relative maximum power degradation is almost independent of the type of incoming particle, i.e., ii) to a first approximation, the fitted semi-empirical function can be expressed in terms of the absorbed NIEL dose.
Conclusions
The degradation of the maximum power in irradiated solar cells with electrons and protons was investigated as a function of particle fluence. The results obtained from GaAs single junction and GaInP/GaInAs/Ge triple junction solar cells indicate that i) the dominant radiation damaging mechanism is due to atomic displacements, ii) the relative maximum power degradation is almost independent of the type of incoming particle, i.e., iii) to a first approximation, the fitted semi-empirical function can be expressed only as a function of the absorbed NIEL dose, and iv) the actual employed value of E d = 21 eV accounts for the different annealing treatments and, thus, is larger than the 10 eV obtained immediately after irradiation using a DLTS technique.
Furthermore, the measured P/P max ratios agree to the semi-empirical fitted function expressed in terms of the NIEL dose to about some percent, once the appropriate actual displacement threshold energy is used to determine the scale conversion between particle fluence and D NIEL . For the GaAs single junction sola cells, the mean difference (MD) and the square root relative difference (SRRD) to the fitted optimal semiempirical function were determined. The SRRD op value is 2.5%; while the |MD op | values do not exceed 3.7%, once averaged over all energies and types of particles. Larger values (4.1% and 7.4%, respectively) were found for the 3J junction solar cells and may account for a) the simplified assumptions made in treating a more complex 3J like a single junction to provide the scale conversion between particle fluence and D NIEL and, possibly, b) the different annealing treatments of the 3J devices with regard to those previously used for single junctions. The Coulomb contribution to the overall NIEL for protons (Table 4 ) above 200 keV is obtained (see Sect. 2) using the elastic cross section of protons on nuclei derived from treatment of the nucleus-nucleus screened Coulomb scattering discussed in [4] and Sect. 2.1.4.2 of [2] (see also Refs. [5] [6] [7] ). For proton energies lower than 200 keV, it was used the 4-terms analytical approximation of the ZBL cross section derived by Messenger et al. (2004) [see Equations (1) (2) (3) 15) and also references therein] and the Thomas-Fermi screening length (Equation (2.73) at page 95 of [2] ) as sug-gested by ICRUM (1993) for incident protons. Using such a cross section, the so obtained nuclear stopping powers typically agrees with those found in [15] within a few percent. For protons, the NIEL contribution resulting from hadronic interactions was estimated by Jun et al. (2003) at E d = 10 eV. For displacement threshold energies of 21 and 25 eV it was linearly reduced with respect to one found at 10 eV by the same amount found for the Coulomb contributions, i.e., by about 7.7 and 9.5%, respectively. 
